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ABSTRACT 

We discuss mm-wavelength radio, 2.2-11. 8yum NIR and 2-10 keV X-ray light curves of the super massive black hole (SMBH) coun- 
terpart of Sagittarius A* (SgrA*) near its lowest and highest observed luminosity states. We investigate the structure and brightness 
of the central S-star cluster harboring the SMBH to obtain reliable flux density estimates of SgrA* during its low luminosity phases. 
We then discuss the physical processes responsible for the brightest flare as well as the faintest flare or quiescent emission in the 
NIR and X-ray domain. To investigate the low state of SgrA* we use three independent methods to remove or strongly suppress 
the flux density contributions of stars in the central 2" diameter region around SgrA*. The three methods are: a) low-pass filtering 
the image; b) iterative identification and removal of individual stars; c) automatic point spread function (PSF) subtraction. For the 
lowest observed flux density state all 3 image reduction methods result in the detection of faint extended emission with a diameter 
of 0.5" - 1.0" and centered on the position of SgrA*. We analyzed two datasets that cover the lowest luminosity states of SgrA* we 
observed to date. In one case we detect a faint K-band (2.2/jm) source of ~4 mjy brightness (de-reddened with Ax=2.S) which we 
identify as SgrA* in its low state. In the other case no source brighter or equal to a de-reddened K-band flux density of ~2 mJy was 
detected at that position. As physical emission mechanisms for SgrA* we discuss bremsstrahlung, thermal emission of a hypothetical 
optically thick disk, synchrotron and synchrotron self-Compton (SSC) emission, and in the case of a bright flare the associated radio 
response due to adiabatic expansion of the synchrotron radiation emitting source component. The luminosity during the low state can 
be interpreted as synchrotron emission from a continuous or even spotted accretion disk. For the high luminosity state SSC emission 
from THz peaked source components can fully account for the flux density variations observed in the NIR and X-ray domain. We 
conclude that at near-infrared wavelengths the SSC mechanism is responsible for all emission from the lowest to the brightest flare 
from SgrA*. For the bright flare event of 4 April 2007 that was covered from the radio to the X-ray domain, the SSC model combined 
with adiabatic expansion can explain the related peak luminosities and different widths of the flare profiles obtained in the NIR and 
X-ray regime as well as the non detection in the radio domain. 
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1. Introduction 

At the center of the Milky Way stellar motions and variable 
' emission allow us to firmly associate Sagittarius A* (SgrA*) 
with a 4x10^ super-massive black hole (Eckart & Genzel 
1996, Genzel et al. 1997, 2000, Ghez et al. 1998, 2000, 2003, 
2005a, 2008, Eckart et al. 2002, Schodel et al. 2002, 2003, 2009, 
Eisenhauer 2003, 2005, Gillessen et al. 2009). 

Recent radio, near-infrared and X-ray observations have de- 
tected variable and polarized emission and give detailed insight 
into the physical emission mechanisms at work in SgrA*, which 
may include any or all of synchrotron, SSC, and bremsstrahlung 
emission (e.g. Baganoff et al. 2001, 2002, 2003, Eckart et al. 
2003, 2004, 2006ab, 2008ab, 2009, Porquet et al. 2003, 2008, 
Goldwurm et al. 2003, Genzel et al. 2003, Ghez et al. 2004ab, 
Eisenhauer et al. 2005, Belanger et al. 2006, Hornstein et al. 
2007, Yusef-Zadeh et al. 2006ab, 2007, 2008, 2009, Marrone et 
al. 2009, Dodds-Eden et al. 2009). Multi wavelength detections 
of the radio point source at sub-millimeter. X-ray, and infrared 
wavelengths have also been made, showing that the luminosity 
associated with SgrA* is on the order of lo^^ -^'" times below 
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the Eddington luminosity LEdd and many orders of magnitudes 
below that of SMBHs in active galactic nuclei (AGN) with com- 
parable masses (of about 4xlO''M0 ). The surprisingly low lumi- 
nosity has motivated many theoretical and observational efforts 
to explain the processes that are at work in Sgr A*. For a recent 
summary of accretion models and variable accretion of stellar 
winds onto Sgr A* see Yuan (2006) and Cuadra & Nayakshin 
(2006, 2009). 

Sgr A* is - in terms of Eddington luminosity - the faintest 
super-massive black hole known. However, due to its proximity 
it is bright enough to be studied in great detail. With the possible 
exception of the closest galaxies, no extragalactic super-massive 
black hole with a similar feeble Eddington rate would be observ- 
able. Motivated by the need to explain the variable luminosity of 
SgrA* we have analyzed data from it highest and lowest states. 
In order to separate the weak NIR emission of Sgr A* from the 
surrounding stars, the use of large telescopes and adaptive optics 
(AO) is required. Here we present the first attempt to do this with 
near-infrared data obtained with the VLT. Likewise, high resolu- 
tion is needed in the X-ray regime to separate Sgr A* from the 
surrounding diffuse X-ray background. 
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Table 1. The brightest X-ray flares from SgrA*. For references see text. 



label 


date 


Observatory 


a = r- 1 


X-ray flux 


NIR L-band 


ll.Syum 










density 


flux density 


flux density 












(mJy) 


(mJy) 


a 


Oct. 26/27, 2000 


Chandra 


0.0±0.8 


0.65±0.07 






P 


Oct. 3, 2002 


XMM 


1.2±0.3 


2.7±0.4 






r 


Apr. 4, 2007 


XMM 


1.3+0.3 


1.7+0.3 


20±2 


<3(r=57 



Table 2. Details on observing runs during which SgrA* was in a very low NIR luminosity state. 



Telescope 


Instrument 


A 


UT and ID 


UT and ID 


Observing ID 






Start Time 


Stop Time 


VLT UT 4 


NACO 


2.2 fim 


2004 23 Sept. 23:20:45 
ID 2453272.47969 


2004 24 Sept. 01:45:11 
ID 2453272.57304 


VLT UT 4 


NACO 


2.2 lira 


2004 30 Aug. 23:49:36 
ID 2453248.48375 


2004 31 Aug. 01:28:19 
ID 2454466.50000 



The temporal correlation between the rapid variability of the 
near-infrared (NIR) and X-ray emission suggests that the emis- 
sion showing lO^'-'"-'^ erg/s flares arises from a compact source 
within a few tens of Schwarzschild radii of the SMBH. For 
SgrA* we assume /?j=2/?^=2GM/c2~10'" m for a ~4xlO^M0 
black hole. Here Rs is one Schwarzschild radius and Rg the grav- 
itational radius of the SMBH. One R, then corresponds to an 
angular diameter of ~8 /vas at a distance to the Galactic cen- 
ter of c/ = 8 kpc (Reid 1993, Eisenhauer et al. 2003, Ghez et 
al. 2005ab). These observations can be explained in a model 
of an intrinsically faint accretion disk that is dominated by red- 
noise and temporarily harbors a bright orbiting spot possibly in 
conjunction with a short jet (Eckart et al. 2006b, Meyer et al. 
2006ab, 2007). The phenomenon can best be studied through 
the brightest flares that allow us to derive high signal to noise 
light curves and multi wavelength observations throughout the 
electromagnetic spectrum. 

In its lowest luminosity states SgrA* is difficult to detect 
though due to the presence of a strong diffuse background at X- 
ray wavelengths and the confusion with nearby stellar sources 
in the near-infrared. Here we discuss the relative importance of 
the bremsstrahlung and SSC process for the low state of SgrA* 
and investigate if the brightest flares of SgrA* can be explained 
via a SSC model involving up-scattered sub-millimeter photons 
from compact source components. In Sects. |2]and[3] we describe 
the observations, the data reduction and the algorithms we used 
to extract SgrA* in its low state from the background emission 
of the dense cluster of high velocity stars at angular separations 
of less than about 1" from the position of SgrA*. Below we will 
refer to this association of stars as the 'S-star cluster'. In Sect.|4] 
we present and discuss results. We start by summarizing the re- 
sults of our deep Ks imaging in subsections 14. II and 14.21 In the 
following subsections we then discuss various emission mecha- 
nisms for the low and high luminosity states of SgrA*. We show 
that the SSC process can successfully discribe both the low and 
high luminosity states and that - in particular for the high states 
- no extra mechanisms need to be involved (discussion in e.g. 
Dodds-Eden et al. 2009, Eckart et al. 2009). A brief summary 
and conclusions are presented in Sect. |5] 

Throughout the paper we quote de-reddened infrared flux 
densities using a Ks-band (2.2yum) extinction correction of Aks - 
2.8 (Scovifle et al. 2003, Schodel et al. 2007, Schodel et al. 2010 
in prep., Buchholz, Schoedel, Eckart 2009). In Sect. 14. II we use 
F and y to describe the projected and three dimensional structure 
of the central stellar cluster respectively. In Table [1] and starting 



with subsection 14.41 we use F and y as the bulk boosting factor 
and the relativistic electron Lorentz factor. 



2. Observations and data reduction 

Near-infrared (NIR) observations of the Galactic center (GC) 
were carried out with the NIR camera CONICA and the adap- 
tive optics (AO) module NAOS (briefly "NACO") at the ESO 
VLT unit telescope 4 (YEPUN) on Paranal, Chile. The data were 
taken on the night of 30 August and 23 September, 2004. The 
dataset taken on 23 September 2004 turned out to be the best 
available set in which SgrA* is in a quiet state. During the 30 
August observations some weak activity at 2.2/im could be de- 
tected, making this dataset well-suited to determine the position 
of SgrA* with respect to neighboring stars. The combination of 
both datasets is ideally suited to obtain a flux density estimate or 
limit of SgrA* in its quiet state. 

For all observations the infrared wavefront sensor of NAOS 
was used to lock the AO loop on the NIR bright (Ks-band magni- 
tude ~6.5) supergiant IRS 7, located about 5.6" north of Sgr A*. 
The pixel scale was 13.27 mas. 

The atmospheric conditions (and consequently the AO cor- 
rection) were stable during the observations. The seeing at the 
telescope measured in the optical was ~0.6". We used an inte- 
gration time of DIT=2 seconds and a number of integrated im- 
ages of NDIT=15. Details on start and stop times are listed in 
Table|2] 

All observations in the Ks-band (2.2 //m) were dithered to 
cover a larger area of the GC by mosaic imaging. The sky back- 
ground for the Ks-band observations was extracted from the me- 
dian of stacks of dithered exposures of a dark cloud - a region 
practically empty of stars - about 400" north and 713" west of 
the target. All exposures were sky-subtracted, flat-fielded, and 
coiTected for dead or bad pixels. The images were shifted and 
stacked in a cube with a mean average to get a mosaic image 
of the GC. All of these steps were performed with the DPUSER 
software for astronomical image analysis (T. Ott, MPE; see also 
Eckart & Duhoux 1990). Subsequently, PSFs were extracted 
from these images with StarFinder (Diolaiti et al. 2000) both 
for deconvolution with the Lucy-Richardson (LR Lucy 1974) al- 
gorithm and for PSF subtraction. 

The flux densities of the sources were measured by aper- 
ture photometry with circular apertures of 40 mas radius and 
corrected for extinction, using Ak - 2.8 (Scoville et al. 2003, 
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Fig. 1. Identification of individual sources that were used for the iterative subtraction of the Ks-band datasets (Table |2}. Here we show the image 
derived from the 23 September 2004 data. The nomenclature was taken from the deconvolved H-band image given in Fig.l by Gillessen et al. 
(2006). Sources that are not contained in there have labels starting with 'N'. Relative positions and flux densities of the labeled sources are given 
in TableO 



Schodel et al. 2007, Schodel et al. 2010 in prep., Buchholz, 
Schoedel, Eckart 2009). Possible uncertainties in the extinction 
by a few tenths of a magnitude alter the infrared flux densities 
of SgrA* by a few 10%. These variations are easily compen- 
sated for by insignificant variations in the spectral indices or the 
boosting which do not influence the general results obtained in 
this paper. 

The flux density calibration was carried out with the known 
Ks-band flux densities of IRS16C, IRS16NE, and IRS21 by 
Blum, Sellgren & Depoy (1996). Subsequently the relative pho- 
tometry for Sgr A* was done using 10 sources within V.'6 of 
Sgr A* as secondary calibrators (S67, S92, S35, S8, S76, SI, 
S2, S87, S65, S30; GiUessen et al. 2006). This results in a Ks- 
band flux density of the high velocity star S2 of 22+1 mJy, 
which compares well with the magnitude and flux for S2 quoted 
by Ghez et al. (2005b) and Genzel et al. (2003). The measure- 
ment uncertainties for Sgr A* were obtained on the nearby ref- 
erence star S2. The background flux in the immediate vicinity 
of Sgr A* was obtained by averaging the measurements at six 
random locations in a field located about 0'.'6 west of Sgr A* 
that is free of obvious stellar sources. A Ks-band image of the 
central 4.3"x2.5" is shown in Fig. [T] This field is at the center 
of the stellar cluster of which we show a 15"xl5" overview in 
Fig. 12^). The source positions and relative astrometry was estab- 
lished via StarFinder. The positions in Table[3]are given relative 
to the position of SgrA* as determined from the 23 September 
2004 data. We list the name following the nomenclature used by 
Gillessen et al. (2009) and in the second column the name used 
by Do et al. (2009b). Sources labeled with had not been iden- 
tified before. Identifications with question marks are tentative 



and suffer most likely from the proper motion of faint sources 
between the present date and the date used for identification by 
Gillessen et al. (2009). Then we list in Table[3]the sky projected 
relative off'sets Aa, and radial distance R from SgrA* in arc- 
seconds. The uncertainties in the offsets are better than a third 
of a pixel i.e. 0.004" We then list in Table [3] the observed Ks 
magnitude derived in this paper and the observed K' magnitude 
listed by Do et al. (2009b) corrected by an offset value of -0.2 
magnitudes. The scatter between both values after correction for 
this offset is 0.2 magnitudes, so that the offset corresponds to 
1 cr in magnitudes (20% in flux) and is well within the expected 
calibration uncertainties for faint stars in the crowded field. The 
difference between both mangitude values is listed in the last 
column. For sources SO-8, SO- 18 and SO-38 no magnitudes are 
given by Do et al. (2009b). The large magnitude difference in 
the case of SO- 12 is most likely due to the blend of S59 and S60. 
The two NIR filters Ks and K' (Do et al. 2009b) are very simi- 
lar with Ks(NACO): /lf.enrer=2.18yum and width A/i=0.35jum and 
K'(NIRC): /Ic«»fr=2.124yum and width A/i=0.351yum. No trans- 
formation between magnitudes derived with these filters was ap- 
plied. The 0.2 mag scatter relates to stars of different bright- 
nesses at different epochs between which they are moving at 
different locations in the cluster with respect to different local 
backgrounds. The relative flux density uncertainty for the star S2 
- which we use as an estimate for SgrA* - is determined within 
a single epoch at fixed position. 
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Table 3. Sources used for iterative source subtraction for the 23 September 2004 data. 



name 


other 


Aa 


AS 


R 


flux 


Ks 


K'-0.2 


Amag 




name 


arcsec 


acrsec 


arcsec 


mjy 








S62 




0.01 


-0.02 


0.03 


1.52 


17.0 






S17 


SO- 17 


0.02 


-0.09 


0.09 


8.06 


15.2 


15.5 


-0.3 


S38? 




-0.08 


0.05 


0.10 


1.27 


17.2 






S55 




0.07 


-0.09 


0.11 


0.71 


17.9 






S40 




0.12 


0.00 


0.12 


1.88 


16.8 






S2 


SO-2 


0.02 


0.13 


0.13 


22.00 


14.1 


13.9 


0.2 


S13? 


SO-8 


-0.11 


0.09 


0.14 


7.04 


15.4 


7 




S19 




0.06 


-0.15 


0.16 


1.79 


16.9 






S14 




0.16 


0.12 


0.20 


7.41 


15.3 






S18 


SO-38 


-0.20 


-0.06 


0.21 


2.19 


16.7 


? 




S44 




-0.08 


-0.23 


0.24 


1.13 


17.4 






S20 




0.21 


0.12 


0.24 


8.80 


15.1 






S39 




-0.10 


0.23 


0.25 


1.37 


17.2 






SI 


SO-1 


0.00 


-0.25 


0.25 


14.00 


14.6 


14.5 


0.1 


S63 




0.24 


-0.13 


0.28 


1.20 


17.3 






S4 


SO-3 


0.29 


0.12 


0.31 


14.02 


14.6 


14.3 


0.3 


S22 




0.17 


-0.27 


0.32 


2.39 


16.6 






S12 




-0.06 


0.31 


0.32 


8.04 


15.2 






S23 




0.32 


-0.08 


0.33 


1.01 


17.5 






S52 




0.19 


0.27 


0.33 


0.98 


17.5 






NS2 




0.18 


0.32 


0.36 


1.06 


17.4 






S21 




-0.33 


-0.14 


0.36 


2.03 


16.7 






S36 




0.27 


0.25 


0.36 


3.66 


16.1 






S60/59 


SO- 12 


-0.29 


0.24 


0.37 


6.70 


15.4 


14.2 


1.2 


S41 




-0.23 


-0.31 


0.38 


1.10 


17.4 






SIO 


SO-6 


0.04 


-0.38 


0.38 


21.99 


14.1 


14.0 


0.1 


S5 




0.34 


0.19 


0.39 


9.47 


15.1 






S42 




-0.17 


-0.37 


0.40 


1.62 


17.0 






S9 


SO-5 


0.18 


-0.36 


0.40 


12.66 


14.7 


14.9 


-0.2 


S57 




0.42 


-0.14 


0.44 


0.89 


17.6 






S25 


SO- 18 


-0.11 


-0.43 


0.44 


10.71 


14.9 


? 




S47 




0.38 


0.23 


0.45 


2.73 


16.4 






S28 




-0.01 


0.46 


0.46 


1.56 


17.0 






S6 




0.47 


0.09 


0.48 


8.02 


15.2 






SB 


SO-4 


0.39 


-0.28 


0.48 


17.72 


14.4 


14.3 


0.1 


S32 




0.33 


-0.36 


0.49 


2.85 


16.4 






NSl 




0.27 


0.42 


0.50 


1.81 


16.9 






S37 




0.33 


0.38 


0.50 


2.74 


16.4 






S7 


SO- 11 


0.51 


-0.05 


0.51 


10.38 


15.0 


15.1 


-0.1 


S43 




-0.51 


-0.15 


0.53 


1.30 


17.2 






S29 




-0.21 


0.49 


0.54 


2.33 


16.6 






S27 


SO-27 


0.14 


0.53 


0.55 


7.34 


15.3 


15.5 


-0.2 


S49 




0.56 


0.04 


0.56 


1.60 


17.0 






S45 




0.19 


-0.52 


0.56 


7.59 


15.3 






S24 


SO-28 


-0.16 


-0.54 


0.56 


6.26 


15.5 


15.6 


-0.1 


S53 




0.29 


0.49 


0.57 


1.30 


17.2 






S34 




0.32 


-0.47 


0.57 


8.55 


15.2 






Sll 


SO-9 


0.17 


-0.58 


0.60 


23.79 


14.1 


14.2 


-0.1 


S46 




0.24 


-0.56 


0.61 


6.92 


15.4 






S48 




0.44 


0.45 


0.63 


3.21 


16.2 






S35 


SO- 13 


0.54 


-0.43 


0.69 


45.90 


13.3 


13.3 


0.0 



3. Subtracting stars 

To investigate the low luminosity state of SgrA* we use three 
independent methods to remove or strongly suppress the flux 
density contributions of stars in the central 2" diameter region 
around SgrA*. All three methods give comparable results and 
allow us to clearly determine the stellar light background at the 
center of the Milky Way against which SgrA* has to be detected. 

We assume that the PSF as determined from stars in the cen- 
tral few arcseconds of the image is uniform across the central S- 
star cluster. Investigations of larger images (e.g. Buchholz et al. 



2009) show that on scales of a few arcesconds this is a reasonable 
assumption and that PSF variations have to be taken into account 
only for fields > 10". Whether the residual extended emission we 
find close to SgrA* is due to rsiduals from the subtracting al- 
gorithms or associated with additional stellar emission from the 
S-star cluster is discussed in Sect. 14. II 
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3.1. Linear extraction of extended fiux density 

With the point spread function P and the object distribution O 
we can write the formation of an image / as 

I^O*P^iA + E)*P = A*P + E*P. (1) 

Here the symbol * denotes the convolution operator. The 
variable A denotes the distribution of stellar sources and E the 
distribution of extended emission. Both types of sources are as- 
sumed to be ideally unresolved or resolved with respect to the 
point spread function. To produce a high-pass filtered image we 
can calculate a smooth-subtracted image E as 

2 = /*G-/ = (A + £')*P*G-(A-h£')*P. (2) 

Here we use a narrow Gaussian G normalized to an integral 
power of unity. This can be rewritten as 

I.^A*{P*G-P) + (E*P*G-E*P). (3) 

Since the width of the extended emission is expected to be 
much larger than the full width at half maximum of the PSF, and 
in particular since the Gaussian G is narrow with respect to P, 
we can infer that E * P *G ~ E * P. Then the differential point 
spread function P * G - P is the PSF of the high-pass filtered 
differential image 

2 ~ A * (f * G - P) . (4) 

Since E is fully dominated by the contribution of the dis- 
tribution of unresolved stellar sources, this distribution A can be 
retrieved via a linear deconvolution of the differential image with 
the differential PSF 

A~I.%(P*G-P) . (5) 

Here the symbol % denotes the deconvolution operation. 
Consequently the distribution of extended flux (i.e. a low-passed 
filtered version of the image) E * P can now be isolated via 

E*P^I-A*P (6) 

or 

/-2;*P%(P*G-P) = A*P + £'*P-A*P = £'*P. (7) 

The advantage of this new method is that it is independent 
of input models, i.e. it does not depend on the identification of 
individual stars or on assumptions on the existence or proper- 
ties of a diffuse background flux density distribution. Also the 
method only uses linear operations, i.e. image subtraction and 
linear convolution and deconvolution (Fourier multiplications 
and divisions). Therefore it is not dependent on the flux den- 
sity of sources and numbers of iterations, as is the case for many 
non-linear algorithms (e.g. the Lucy-Richardson or maximum 
entropy algorithm). In order to demonstrate the validity of the 
approach we show the results we obtained on the central 15"x 
15" of the 23 September data in Fig. |2] For all the prominent 
extended Ks-band sources (Fig. |2]i the extended Ks-band emis- 
sion can be retrieved and its structure compares very well to the 
previously published results (e.g. Ott, Eckart & Genzel 1999, 
Tanner et al. 2002, 2005). (A comparison of different deconvolu- 
tion algorithms used in the crowded Galactic center field is given 
in Ott, Eckart & Genzel 1999.) At a dynamic range of about 



100:1 we show in Fig.|2j3) a low-pass filtered version of the Ks- 
band image that was obtained by following the algorithm out- 
lined above. The prominent sources have been labeled with their 
names. In Figs.|2};), d) and e) we show the extended flux density 
disti-ibution of the following sources: IRS IW, IRS 21, IRS lOW. 
These bow-shock structures are shown at the angular resolution 
of about 0. 1" as delivered by the AO system. They compare very 
well with the source structures published by Tanner et al. 2005. 
Here the algorithm detects very bright sources like IRS 7 also 
as an extended object since the star is overexposed and not well 
described by the used PSF. In Fig.|3]we show results of the algo- 
rithm on the central 2"x 2". In addition to residuals of the filter 
process around the position of bright stars, we see an increased 
flux density level within the dashed 0.5" diameter circle centered 
on the position of SgrA*. The disadvantage of this algorithm is 
that any point-like emission from SgrA* is also strongly sup- 
pressed. The residuals (ringing) still evident around the bright 
stars are a consequence of the choice of the apodization filter 
that needs to be defined in the case of linear deconvolution. This 
filter is used to suppress the usual high spatial frequency noise 
that arises due to small number division problems. We used a 
cosine-bell shaped filter that preserves the high angular resolu- 
tion but results in some residual ringing. However, the result on 
the background emission is not strongly influenced by this, since 
the bright stars are sufficiently far away from the central posi- 
tion. The comparison to the results of the other two algorithms 
used to remove the contributions of stars near SgrA* shows that 
the result is also little affected by the much fainter stars close to 
SgrA*. Their contribution has been efficiently suppressed by the 
algorithm. 

3.2. Iterative PSF subtraction 

The iterative PSF subtraction was carried out within the central 
2" to 3" around the position of SgrA*. This was performed by re- 
sizing, shifting and scaling the PSF to the position and the value 
of each star and then subtract it. The sources used for this pro- 
cess are listed in Table[3]and are shown in Fig.[T] A total number 
of 51 stars were subtracted so that the resulting background was 
as smooth as possible. In Fig.|4]we show the resulting subtracted 
image of the area of interest around SgrA*. All stars brighter 
than about 17.5'" (see KLF in Fig.|6l) have been subtracted with 
a scaled version of the PSF. The thin lines in Figs.|4^) and b) are 
used to triangulate the position of SgrA*. Fig.|4^) shows the im- 
age obtained from a section of the 30 August dataset with SgrA* 
flaring. Compared to S2 with ~22 mJy SgrA* has a brightness of 
about 4 mJy. Fig.|4j3) shows the image obtained from a section of 
the 23 September dataset with SgrA* in a quiescent phase. Here 
SgrA* is clearly not detected and is fainter than about 2 mJy 
(de-reddened). 

Figure |4] also reveals the presence of faint residual extended 
emission - centered on the position of SgrA*. This residual emis- 
sion is most likely from the central S-star cluster of high velocity 
stars. We determined the position of SgrA* from the data with 
SgrA* in a flare state taken on 30 August, 2004. Taking an upper 
limit of the observed two dimensional projected stellar velocity 
dispersion of ~1000 km/s and the fact that for the Galactic cen- 
ter proper motion of 1 mas/yr corresponds to about 39 km/s, the 
relative positional uncertainty for stars observed between both 
epochs is expected to be well below 2 mas. Thin lines in Figs.|4^) 
and b) are used to triangulate the position of SgrA*. Figure |4] 
shows that for the dataset taken on 23 September 2004 no NIR 
counterpart of SgrA* was detected. For 30 August 2004 we find 
a NIR counterpart of SgrA* with a dereddened flux density of 
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Fig. 2. The Ks-band image of the Galactic center region (a) taken on 
23 September 2004. The central 15"xl5" image was taken with the 
adaptive optics system NACO at the ESO VLT and the results of the 
low-pass filter algorithm. (b,c,d,e). The contour lines are separated by 
8% of the peak brightness of IRS lOW. 




Fig. 3. The inner 2"x2" of the central stellar cluster (23 September 
2004). The position of SgrA* is at the center of the images a) and b). In 
panel a) we show the corresponding image section taken out of the Ks- 
band image in Fig.|2]a). In panel b) we show the corresponding image 
section taken out of the low-pass filtered version in Fig.|2]b). 



about 4 mJy with a 3cr uncertainty of about 2 mJy. Estimates of 
the flux density limits and uncertainties are given in Sect. 14.21 

3.3. Automatic PSF subtraction 

We also analyzed the images with the StarFinder (Diolaiti et 
al. 2000) program package. It not only provides accurate point 
source photometry but also a reliable estimation of the diffuse 
background emission. With a point spread function (PSF) ex- 
tracted from bright stars near the guide star (in this case IRS 7), 
we performed photometry and astrometry on the deconvolved 
image via PSF fitting with the StarFinder package. The resulting 
diffuse background emission is shown in Fig. |5] In addition to 
some residual emission from unresolved stars this method also 
reveals extended emission centered on the position of SrgA* 
within the dashed 0.5" diameter circle centered on the position 
of SgrA*. This finding agrees with the low-pass filtered image 
in Fig. [3] 




Fig. 4. Results of the iterative star subtraction obtained for the 30 
August (a) 23 September data (b) as described in Sect. l3.2l 




Fig. 5. Result of the automatic PSF subtraction obtained for the 23 
September 2004 data. 



4. Results and discussion 

First we analyze the properties of the central cluster of high ve- 
locity stars and compare them to the results of published inves- 
tigations. We can then confidently derive the flux density limits 
on SgrA* and show that contributions to the lowest luminos- 
ity states from bremsstrahlung are unlikely. We then discuss the 
extreme luminosity states of SgrA* in the framework of a syn- 
chrotron self-Compton mechanism. 



4. 1 . Imaging ttie S-star cluster and the detection of SgrA * in 
its low luminosity state 

The detected number of 51 stars within a radial distance of 
about 0.5" from SgrA* results in a surface number density of 
68+8 arcsec"^, taking the square-root as the uncertainty of that 
value. This result agrees with the central number density of 
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Fig. 6. KLF histogram of the stars detected in the central field derived 
from the 23 September 2004 data. The straight full and dashed lines 
indicate the KLF slope of 0.21±0.02 found for radii of less than 6" by 
Buchholz et al. (2009). 
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Fig. 7. Azimuthal average of the difi"use background emission as de- 
rived from the three difi"erent methods applied: low pass filtering (red), 
manual PSF subtraction (green), and automatic PSF subtraction (blue). 
The curves (mean flux and Icr uncertainty per pixel) have been calcu- 
lated in anuli of 39.8 mas (3 pixels) width and normalized to the value 
at 30 mas radius corresponding to one resolution element at 2.2//m. The 
black dashed line marks a profile with an exponential decrease of 0.2. 



60+10 arcsec ^ given by Do et al. (2009b) in their Figs. 9 and 
10. 

Figure|6]shows the KLF histogram (K-band luminosity func- 
tion) that can be derived for the stars detected in the central field. 
The binning of 0.75 magnitudes allows for a sufficient number of 
bins to clearly detect the linear slope in the double logarithmic 
plot and to have a sufficiently large number of sources per bin 
(about 10) at the same time. With d log(N)/d log(Ks)=0.3±0.1 
the data compare well with the KLF slope of 0.21+0.02 found 
for the inner field (R < 6") by Buchholz et al. (2009). 

Within the central 0.5 arcsecond radius region around SgrA* 
and in the magnitude interval ranging from Ks=16.75 to 17.50 
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Fig. 8. The 30 August 2004 light curve of the flux density measured 
in a 40 mas radius circular aperture centered on the position of SgrA* 
(black). We show the light curve of the reference star S2 in green. The 
bottom panel shows the FWHM seeing in arcseconds measured on the 
PSF extracted for the field. The grey points show the background counts 
near SgrA*. The width of the error bars is close to the size of the data 
points. 
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Fig. 9. The same as Fig[8]but for 23 September 2004. 



no significant deviation from a straight powerlaw line can be 
detected - implying that the completeness is high and probably 
comparable to the ~70% value derived for mag;i:=17 by Schodel 
et al. (2007). In the interval ranging from Ks=17.50 to 18.25 the 
stellar counts drop quickly to about 20% of the value expected 
from the straight powerlaw line. 

All three methods we used to correct for the flux density 
contribution of the stars in the central 2" reveal faint extended 
emission around SgrA* (see Figs. [3}5, Fig. |4j5 and Fig. |5]l. For 
the iterative and automatic PSF subtraction the PSFs were ex- 
tracted with a radius of 1", which is about twice the FWHM of 
the S-star cluster. In case of a PSF misplacement a significant 
flux density contribution to the central position can only come 
from the about five stars that are located within one FWHM of 
SgrA*. They have a median brightness of about 2 mJy. To ex- 
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plain all of the ~2 mJy at the center by this effect, each star 
would have to provide about 0.4 mJy or 20% of its flux density. 
This can only be realized by a systematic positional shift of these 
stars towards the center by about 1 pixel~13 mas each. Still, the 
positional accuracy which is typically reached is on the order of 
a few tenths of a pixel. Larger displacements result in a clearly 
identifiable characteristic plus/minus pattern in the residual flux 
distribution along the shift direction. However, allowing for a 
maximum positional uncertainty of 1 pixel and approximating 
the independent shifts of five stars by five shifts of a single star 
that follows a random walk pattern, the expected effective dis- 
placement is 1/ VS pixels for a single shift of each star. It will 
result in a 5% peak flux contribution of each of the 5 stars - 
assuming that the displacements are systematically towards the 
center, i.e. a total maximum contribution of 0.4 mJy. This im- 
plies that about one 20%-30% of the flux density detected at 
the center may be explained by a positional misplacement of the 
neighboring stars. Therefore we assume that the bulk (more than 
2/3) of this extended emission toward the center can be associ- 
ated with the ~0.5"-l" diameter S-star cluster around SgrA* and 
is due to faint stars at or beyond the completeness limit reached 
in the KLF. 

The extended residual emission is not distributed az- 
imuthally uniform about the position of SgrA*. This is not ex- 
pected either. The shape of the residual emission will always be 
dominated by the randomly distributed few brightest stars that 
contribute to it. Also the light of the central stellar cluster is not 
distributed azimuthally uniform on any scale: On scales larger 
than 0.5 pc it is affected by dust absorption (e.g. extinction map 
by Buchholz et al. 2009), on scales less than 0.5 pc the bright 
members of the IRS 16 cluster are predominantly located to the 
east, and during the past decade in the central arcsecond most 
of the brighter S-stars have been located to the south and east of 
SgrA*. 

The diffuse background emission can be compared to the 
projected distribution of stars E(/?)oc/; with R being the pro- 
jected radius. Independent of the applied method we find that the 
azimuthally averaged residual diffuse background emission cen- 
tered at the position of SgrA* decreases very gently as a function 
of radius (Fig. |7]). The ratio between the brightness measured 
within or at the edge of the central resolution element (R~0.03") 
and at a projected radius of e.g. R=0.2"is 1.5+0.15, correspond- 
ing to rrf,yy„5e=0.20±0.05. This is consistent with the distribution 
of number density counts of the stellar populations in the central 
arcseconds derived from imaging VLT and Keck data. Buchholz 
et al. (2009) and Do et al. (2009b) find a F- 1 .5±0.2 for the young 
stars, but a much flatter distribution for the late-type (old) stars 
with F~0.17±0.09 or even F — 0.12±0.09, respectively. For pure 
imaging Do et al. (2009b) quote r,„„er=0.19±0.06 inside a radius 
ofR=3". 

In case of a relaxed stellar cluster around a supermassive 
black hole, stellar dynamics predicts to observe a cusp, i.e. a 
density increase toward the black hole with F = y - 1 - 0.5 to 
0.75 (Bahcafl & Wolf 1976, Murphy 1991; Lightman & Shapiro 
1977; Alexander & Hopman 2009). Here y denotes the exponent 
of the three dimensional distribution which does not suffer from 
projection effects but is harder to deduce from observed data. 
Only in the case of very extreme stellar densities collisions can 
lead to a F as low as 0.5. But the required high densities are not 
reached in the Galactic center. 

The observed values of F are significantly lower than what 
is predicted by theory. The principal reason is probably to be 
sought in the stellar population in the central arcseconds, which 
towards Sgr A* becomes increasingly dominated by young mas- 



sive stars that are too young to be dynamically relaxed. The small 
value of the projected diffuse light exponent rdiffuse~^imer may 
therefore imply the absence of a pronounced, relaxed cusp of 
stars. 

However, there may in fact exist a deficit of late-type stars 
near Sgr A* (see also Genzel et al. 2003, Fig. 7). It may well 
be that most of the spectroscopically identified late type stars at 
small projected distances are at larger three dimensional radii r 
R from SgrA*. In this case the observed Tdiffuse~^ inner will be a 
mixture between the much steeper Tearh for early type stars and 
the lower value Yiate for late type stars. A detailed discussion is 
given in Do et al. (2009b), Buchholz et al. (2009), Schodel et al. 
(2007), and Genzel et al. (2003). 

The main result for the present analysis of faint lumi- 
nosity states of SgrA* is that the observed flat background 
light and number density distribution described by the expo- 
nent Tdiffuse~^ inner as wcU as the high degree of completeness 
reached around Ks=17.5 allows us to clearly distinguish the 
emission of SgrA* against the stellar light background at the 
center of the Milky Way. This also shows that SgrA* is ideally 
suited to perform a case study to investigate this super-massive 
black hole in its lowest activity state. 

4.2. Observing SgrA* at low luminosities 

High angular resolution images in the near-infrared allow us to 
unambiguously attribute bright dereddened flux levels to SgrA* 
(e.g. Genzel et al. 2003, Eckart et al. 2004, Ghez et al. 2004ab, 
Hornstein et al. 2006, Do et al. 2009a). The identification of 
fainter emission from SgrA* becomes increasingly difficult, 
since one can expect confusion from the ~V' diameter S-star 
cluster that is centered on the location of Sgr A*. Due to the high 
proper motions of the stars within the S-star cluster this confu- 
sion also changes on the time scales of months to years. From the 
location of SgrA* Do et al. (2009a) find observed 0.082 ±0.017 
mJy (K' = 17.2) or dereddened 1.75±0.36 mJy (assuming their 
value of Ak' - 3.3) as the the faintest observed K' flux density 
(see also Hornstein et al. 2002 and Eckart et al. 2006). Using 
Ak' = 2.8 this results in a flux density of 1.1+0.2 mJy 

For the low flux density state Do et al. (2009a) reported red 
colors and variability compared to stellar sources. For the very 
low luminosity levels they report with an average power law ex- 
ponent of -0. 17+0.32 a bluer spectrum than that reported earlier 
by Hornstein et al. (2002) with a power law slope of 0.6 ± 0.2. 
The contamination from nearby (predominantly blue) stars is es- 
timated to contribute a maximum of about 35% of the flux to ac- 
count for this difference in the spectral slope. Do et al. (2009a) 
conclude that even when the emission is faint a large fraction of 
the flux arising from the location of SgrA* is likely non-stellar 
and can be attributed to physical processes associated with the 
black hole. 

Our data allow us to provide a new independent estimate on 
the flux density of SgrA* in some of its lowest states based on 
VLT data. 

In a circular aperture of a diameter of 66 mas diameter (5 
pixels or about one resolution element) we measure dereddened 
flux densities (using Ak - 2.8) 1.5+0.4 mJy, 1.3+0.3 mJy, and 
1.3±0.2 mJy for the low-pass filtering, iterative, and automatic 
PSF subtraction method, respectively. 

The uncertainties have been derived from the flux density 
measurements in the central 5x5 pixel aperture and the up- 
per limits of the measurement uncertainties per pixel as plot- 
ted in Fig. |2] These upper limits are 0.33 mJy, 0.24 mJy and 
0.17 mJy for the three methods, respectively. Based on these 
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data we derived an upper limit on the formal uncertainties in 
any random 5x5 pixel aperture in the central 0.6" diameter field 
of 0.066 mJy, 0.048 mJy and 0.034 mJy for the three methods, 
respectively. We adopted these values for the central aperture. In 
order to obtain a conservative estimate we added in each case 
these values five times, so that the final uncertainty amounts to 
six times the value expected for an aperture of this size - based 
on the radial averages. There is no clear detection of a source 
at that position. If the observed flux density limit is fully at- 
tributed to SgrA* this corresponds to a clear non-detection of 
any point source at that position with a flux density limit of 
2.4 mJy for SgrA* (K5~16.3; observed reddened magnitude). 
If all of it is stellar, the upper limit is defined by the uncer- 
tainty of the measurement and the limit for a flux density from 
a non-stellar source at the position of SgrA* is 0.9 mJy (3cr, 
de-reddened and K5~17.3 as an observed reddened magnitude). 
While our data do not allow us to confirm the existance of a con- 
stant quiescent state, our flux density limit is consistent with the 
flux given by Do et al. (2009a). This flux density limit is also 
consistent with the light curves of SgrA* shown in Figs[8] and 
|9l They were obtained in a 40 mas radius aperture centered at 
the position of SgrA*. The light curves were taken without re- 
moving any stars from the sourroundings and the aperture size 
of only 40 mas was chosen to minimize the contamination from 
neighboring stars. The bottom parts of Figs|8] and |9] show the 
FWHM of the PSF extracted on a nearby star. These graphs show 
that the seeing and AO performance were very stable and similar 
during the measurements on both dates. Especially in the second 
half of the 30 August light curve in Fig[8]SgrA* was sufficiently 
bright to be detected, while it was in a low state during the en- 
tire time during which the 23 September light curve in Fig|9]was 
taken. Our flux density limit for the 23 September data is con- 
sistent with the completeness limit we reached in the central star 
counts (see Sect. 14.11 ). 



4.3. Bremsstrahlung emission from SgrA* 

4.3.1 . The quiescent state X-ray emission from SgrA* 

Baganofi'et al. (2001, 2003) reported an extended (R>10^ R,) 
thermal bremsstrahlung source co-spatial with the position of the 
strongly variable point source at the location of SgrA* (see also 
Quataert 2003). The authors derive 1.4"+0.14" for the intrinsic 
FWHM size of the source. This corresponds to ^SxlO'^Rs for a 
4x10^ M0 black hole. The scale of the extended structure cen- 
tered on SgrA* is consistent with the expected Bondi accretion 
radius (1"- 2"; Bondi 1952) for matter accreting hydrodynami- 
cally onto the SMBH. For the bright flare emission of the X-ray 
point source bremsstrahlung is not a likely mechanism to pro- 
duce the observed NIR flux density excursions (Genzel et al. 
2003, Yuan et al. 2003, Quataert, 2002). In part motivated by 
the blue spectrum reported by Do et al. (2009a) - assuming that 
not all of the blue character is due to stellar contamination - we 
investigate here if the lowest NIR flux density values can be ex- 
plained by a bremsstrahlung contribution from a hot disk. 

4.3.2. Possible low state bremsstrahlung NIR luminosity? 

We now estimate the possible contribution of the X-ray emit- 
ting gas that is associated with the compact disk or jet foot- 
point of SgrA* to its Ks-band luminosity. The frequency 
and temperature dependency of the volume emissivity for the 
bremsstrahlung is Eydv ~ g(v,T)xexp(-^)dv. Here the Gaunt 




Fig. 10. Sketch of the SgrA* surroundings within a 10' Schwarzschild 
radius. The SMBH encloses the central 1 R, volume surrounded by an 
edge on seen disk with indicated spots. The circles are logarithmically 
scaled and labeled with their radii in units of R,. During and after flares 
the spots expand to meet the accretion flow density of about lO'cm"' 
at an approximate radius of 1000 R,. The edge of the 1.4" FWHM size 
Bondi sphere is located at a radius of about ~8xlO''Rs for a 4x10* Mq 
(Baganoff et al. 2001, 2003). 

factor is g(v,T)~0.54xln(4.7xlO"' T/v). For the X-ray lumi- 
nosity in the 2-10 keV range of a H/He plasma this results in 
L(^) ss IQ-^^n^T^^^R^ with the source radius R given in pc, the 
electron density rig given in cm^^, and the temperature Tg given 
in unity of lO^K. The Gaunt factor implies that for a change in 
the observing frequency from ^lO'^'Hz in the X-rays to ^lO'^^Hz 
in the NIR for constant T>>hv/k the Gaunt factor changes sig- 
nificantly by a factor of ln(10'*)~10. So in total the Ks-band lu- 
minosity expected over this frequency range is about 1000 times 
lower than the X-ray luminosity. However, already for a ~ 1 mJy 
Ks-band flux density contribution and high temperatures above 
10**K the predicted X-ray flux would well exceed the measured 
values. 

Substantial flux density contributions due to bremsstrahlung 
can only occur if a sufficient amount of 'cooler' gas (i.e. 
<<10^ K) is mixed into the central accretion flow or disk. Such 
a two phase medium has already been discussed in the context 
of flares from SgrA* (Yuan et al. 2003, see also Page et al. 2004, 
Nayakshin & Sunyaev 2003). A possible quiescent phase at low 
infrared Ks-band flux density could in principle be provided 
through bremsstrahlung emission from a cooler denser phase 
embedded in the hot accretion flow or in the outer parts of a 
potential accretion disk. In luminous AGN a cool optically thick 
disk with T~10^K is believed to coexist with a hot optically thin 
corona with T~10''K. At the lower SMBH mass and luminosity 
of SgrA* such material could have an even lower temperature. 
However, a lower limit to the temperature of such cool inclosure 
is given by the fact that no strong recombination line emission is 
observed towards SgrA*. Only for temperatures above lO^K the 
contribution to the total luminosity from thermal bremsstrahlung 
is greater than that from recombination radiation. This implies 
for lO^K a Ks-band luminosity of L(^) ~ 10^'^ nlR\ At a dis- 



10 Sabha, Witzel, Eckart et al.: The Extreme Luminosity States of SgrA* 

Table 4. Source component parameters for SSC models of the brightest X-ray flares from SgrA*. 
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Table 5. Model densities, lower SSC cutoff frequencies and lower limits on the source component masses 
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tance of ~8 kpc and a wavelength of 2.2/im 1 mJy of dered- 
dened flux density corresponds to a luminostity of vLv= 1.2x10^'' 
ergs/s=3.1 L© . 



In order to obtain 1 mJy Ks-band flux density the prod- 
uct n^/?^ needs to be on the order of SxlO"*. This allows us to 
estimate the required densities: The Ks-band diffraction limit 
of the VLT UT4 corresponds to a projected linear size of 
2.4xl0-3pc~8000 Rs at the distance of SgrA*. Similarly, 1 R5 
corresponds to SxlQ-^pc. 



For such an unresolved or even more compact source with 
sizes ranging from 1 to 8000 Rs we find electron densities 
from 2xl0'^cm-^ to 2xl0*cm-^ and Thompson scattering op- 
tical depths on the order of 1 to 0.01, respectively. This imphes 
that for an 'unresolved' bremsstrahlung emitting Ks-band source 
the electron density is several orders of magnitude higher than 
the estimated density of lO^cm"^ of hotter gas in the accretion 
flow (Yuan et al. 2003). Combined with the high optical depths 
this shows that a substantial bremsstrahlung contribution of a 
compact source to the Ks-band flux density even in the quies- 
cent phase can therefore be regarded to be very unhkely (see 
also Yuan et al. 2003). 



4.4. Synchrotron Self-Compton emission from SgrA* 

Rapid variability on time scales of a few minutes and the strong 
indication of synchronous (polarized) NIR and X-ray flux den- 
sity variations hnked with time delayed sub-mm/mm flux ex- 
cursions clearly suggests that a nonthermal emission mechanism 
is at work. Synchrotron emission from compact source compo- 
nents that unavoidably scatter electromagnetic power into the X- 
ray domain appear to be a prime choice for such a mechanism. 
Below we investigate the highest and lowest luminosity states to 
validate the applicability of the SSC mechanism. 

4.4.1 . Essentials of current SgrA* SED modeling 

Generally the electron energy distribution A^(£') responsible for 
the overall SED of SgrA* is described by a power-law N{E) = 
NqE'P = No(mc^y)~P with a Lorentz factor 7 and an electron 
power-law index p. This power-law exhibits several breaks at 

Tmin ^ Ycool ymax > (8) 

where y^m, Jmax and jcooi are the minimum, maximum, and 
the 'coohng break' Lorentz factors, respectively (Yuan et al. 
2003, Quataert 2002, Mahadevan & Quataert 1997). Here yc„oi 
marks the difference between the emission of a thermal distribu- 
tion of electrons with ymin,thermal=Jmm and ymax,thermal~ycool and 



Sabha, Witzel, Eckart et al.: The Extreme Luminosity States of SgrA- 



11 



the synchrotron emitting, relativistic electron distribution with 
ymin, synch ~ycooi and ymax.synch-yma.x- The spectral number density 
ratio of both distributions is assumed to be .f '""'' — 1...5% (e.g. 
Yuan et al. 2003). For values at and below 7^00/ the heating of 
the thermal electrons through synchrotron self-absorption is im- 
portant. For values above -/cool a more efficient cooling through 
synchrotron radiation is important. 

A further usually higher frequency break occurs due to a 
modification of the underlying relativistic electron distribution 
as a consequence of synchrotron cooling losses (Ozel, Psaltis 
& Narayan 2000, Kardashev 1962). For an electron power-law 
index p and for Lorentz factors larger than 7„,„, the resulting op- 
tically thin electromagnetic spectrum will follow a power-law 
distribution with a spectral index a - {p- l)/2. In the case of no 
further injection of fresh electrons with the powerlaw index p the 
spectrum will steepen at the frequency Vhreak towards a spectral 
index of (2/? - 1)/3. If fresh electron injection occurs the spectral 
index will only steepen towards pjl and is therefore closer to the 
original index of c = (/:>- l)/2. 

At this frequency Vbreak the synchrotron cooling time equals 
the time within which the relativistic electrons can escape the 
source. In the case of SgrA* and at about 3.5 R, (approximate 
radius of the last stable orbit) it can be written as 

Vtreak- 2.6^10'^ Hz (9) 

(Kardashev 1962, Ozel, Psaltis & Narayan 2000, Yuan et al. 
2003, Dodds-Eden et al. 2009). The frequency Vbreak is relevant 
if photons are emitted above that frequency, i.e. 

V„,„, = 2.8 X lO'-B/ > Vbreak (10) 

(e.g. Marscher 1983). For B>30G and y„ax > 1400 both vi„-eak 
and Vmax lie just shortward of the NIR domain. Here the values 
for B and y,„„ ^ result from model calculations that allow us to de- 
scribe the NIR and X-ray flare emission in the framework of an 
SSC model. At frequencies above v„ax the inverse self-Compton 
emission dominates the overall spectrum. 

In most cases modeling of the overall SED of SgrA* assumes 
that the synchrotron quiescent emission (see Fig. 1 in Yuan et al. 
2003) is dominated by the relativistic tail of the otherwise ther- 
mal Boltzmann distribution that describes the quiescent (bulk) 
of the radio to sub-mm/FIR spectrum. Flares are then attributed 
to a variation in the distribution of this relativistic part of the 
accretion flow. In addition the bulk of the quiescent X-ray spec- 
trum is explained by thermal bremsstrahlung due to the extended 
X-ray bright Bondi sphere surrounding SgrA* (Baganoff et al. 
2001, 2003, Liu et al. 2006, Yuan et al. 2003, Quataert 2002, 
Mahadevan & Quataert 1997). 

Here we consider the following additional points: the flare 
spectrum of SgrA* can be explained independently of the steady, 
quiescent emission from the accretion flow. We consider 'fresh' 
synchrotron components that become optically thick at THz fre- 
quencies and inverse Compton scatter into the X-ray domain. 
We also investigate synchrotron, bremsstrahlung, and thermal 
emission from the foot point of the accretion flow or a tempo- 
rary disk as possible significant contributors for the unresolved 
source components seen in the NIR during the low luminosity 
states of SgrA*. 

4.4.2. Description and properties of tine SSC model 

We have employed a simple SSC model to describe the observed 
radio to X-ray properties of SgrA* with the nomenclature given 



by Gould (1979) and Marscher (1983). Inverse Compton scat- 
tering models provide an explanation for both the compact NIR 
and X-ray emission by up-scattering sub-mm-wavelength pho- 
tons into these spectral domains. These models are considered 
as a possibility in most of the recent modeling approaches and 
may provide important insights into some fundamental physi- 
cal properties of the source. The models do not explain the en- 
tire low frequency radio spectrum and the bremsstrahlung X-ray 
emission that dominates the luminosity between X-ray flares. 
They do successfully account for the flare events observed in re- 
cent radio to X-ray campaigns though (Eckart et al. 2003, 2004, 
2006ab, 2008ab, 2009, Yusef-Zadeh et al. 2006ab, 2007, 2008, 
Man-one et al. 2009). 

We assume a synchrotron source of an angular extent 0. The 
source size can be as big as a few Schwarzschild radii. The 
emitting source is assumed to become optically thick at a fre- 
quency v„, with a flux density S „ and has an optically thin spec- 
tral index a following the law ^yocv This allows us to cal- 
culate the magnetic field strength B and the inverse Compton 
scattered flux density Sssc as a function of the X-ray photon en- 
ergy Ekev- The synchrotron self-Compton spectrum has the same 
spectral index as the synchrotron spectrum that is up-scattered 
i.e., S ssc°^Ekev " , and is valid within the limits Emin and E„ax 
corresponding to the wavelengths A„ax and Amm (see Marscher 
et al. 1983 for further details). 

The emitting electrons follow a power-law distribution 
N{E) - NqE^^^"^^^ with energies y\mc^ < E < y2mc^. Here y\ 
and 72 are the electron Lorenz factors. Maximum Lorentz fac- 
tors for the emitting electrons of the order of typically 10^ are 
required to produce a sufficient SSC flux in the observed X-ray 
domain. 

A possible relativistic bulk motion of the emitting source re- 
sults in a Doppler boosting factor 5=r"'(l-y6cos(/>)"'. Here ^ is 
the angle of the velocity vector to the line of sight, p the velocity 
V in units of the speed of light c, and r=(l-yS^)"'''^ Lorentz fac- 
tor for the bulk motion. Relativistic bulk motion is not needed 
to produce sufficient SSC flux density, but we have used mod- 
est values for r= 1.2-2 and S ranging between 1.3 and 2.0 (i.e. 
angles (p between 10° and 45°) since they will occur in cases of 
relativistically orbiting gas as well as relativistic outflows - both 
of which are likely to be relevant to SgrA*. 

The electron spectral number density in units of cm^^keV^"^ 
is given by 

M) = K(a, rf)0-(4'^+^>v;(4«+5)52.+3^-(2.+4) (11) 

Here Sm and and v„, are given in units of Janskys and GHz, re- 
spectively. For K(a, d) see Marscher (1983). With E - ymc^ this 
results in a total number density in cmT^ of electrons that partic- 
ipate in the SSC emission process of 

N(y)dy^No ' {y\"'-yf') ■ (12) 

This quantity can be used to validate the emission mechanism 
in comparison to other number density estimates obtained for 
different source regions. 

The radio polarization data of SgrA* (Bower et al. 2004, 
Marrone et al. 2007) indicate that of the total available stellar 
mass loss of lO^^M© yr"' only a small fraction of lO^^M© yr"' 
is close to the central black hole and available for accretion. This 
applies a mean daily accretion of 3xlO"'"M0 . Assuming a flare 
lasts for 100 minutes this corresponds to an accretion mass load 
of typically 2x10 "Mq per flare. The SSC models in Table |5] 
result in estimates that lie one to five orders of magnitude below 
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this upper mass limit per flare. Here models Aa to Ay, in which 
the NIR fluxes are produced via optically thin synchrotron radi- 
ation, are favored since the required masses lie well below the 
available accretion mass load (as it is for the quiescent models). 

4.4.3. SSC model of the bright flares of SgrA* 

For X-ray flares of up to several times the quiescent emission 
the SSC models with source components that become optically 
thick in the few THz domain provide a successful description 
of the compact flare emission that originates from the immedi- 
ate vicinity of the central black hole (e.g. Eckart et al. 2009 and 
references therein, Marrone et al. 2009; see also FigfTOb. This de- 
scription also allows the explanation of the correlation between 
NlR/X-ray flares and time delayed radio flares (e.g. Eckart et al. 
2008ab, 2009, Yusef-Zadeh et al. 2008, Marrone et al. 2009). In 
order to validate the applicability of this emission mechanism 
it is useful to study the bright flare emission associated with 
SgrA*. 

In Table [1] we list important properties of the three brightest 
X-ray flares that have been observed to date (Baganoff et al. 
2001, Porquet et al. 2003, 2008). The NIR flare emission 
shows observed spectral indices of a~0.6 (Ghez et al. 2005ab, 
Hornstein et al. 2006) or even steeper (Eisenhauer et al. 2005, 
Gillessen et al. 2006). If the X-ray flare flux density is due to 
the SSC spectrum of the synchrotron component that gives rise 
to emission in the NIR then the spectral indices should be the 
same. While a spectral index of ~0.6 is consistent with the 
Chandra value, the XMM flares require a steeper spectral index. 
The spectral index averaged over several flares observed with 
Chandra results in Q'=r-1=0.3±0.5 (Baganoff et al. 2001). This 
is consistent with both the XMM data and the index of a~0.6 
reported by Ghez et al. (2005ab) and Hornstein et al. (2006). 

General modeling results: Our modeling results show that 
synchrotron flare components that become optically thick in the 
few THz domain stay optically thin throughout the MIR/NIR 
domain, and self-Compton scatter into the X-ray domain can 
fully account for the observed properties of the brightest flares 
from SgrA*. We use maximum electron Lorenz factors y2~l0^ 
resulting in the fact that the X-ray emission is always inverse 
self-Compton scattered. This delivers synchrotron radiation 
up to near-infrared wavelengths and results in the fact that 
the X-ray emission is always inverse self-Compton scattered. 
Source component parameters for SSC models of the brightest 
X-ray flares from SgrA* are given in Tables |4]and|5] 

Here model labels (col. I) a, (3 and y indicate the bright flares 
listed in Table[T] Model labels A and B indicate models in which 
the the MIR/NIR flux densities are accounted for in different 
ways. In particular in models Aa-y the observed peak MIR/NIR 
flux densities are accounted for by the high frequency end of the 
synchrotron spectrum. In models Ba-y they are accounted for 
by the low frequency end of the inverse self-Compton scattered 
spectrum. Among themselves the A models (straight red line in 
FigHU and the B models (black long dashed line in FigfTTll look 
very similar for the different flares labeled with a, /3 and y in 
Fig[T] Within the uncertainties infrared and X-ray flux densi- 
ties as well as the X-ray spectral indices are met by the required 
model spectral indices. As an example (and since it this model is 
discussed in more detail) we show the synchrotron flare spectra 
and the corresponding SSC spectra in Fig[TT]for the models Aa 
and Ba. 

A global variation of a single parameter by the value listed in 
the first row and the corresponding column of Table|4]results in 



an increase of A;^' = 1. Here global variation means: adding the 
Icr uncertainty for a single model parameter but for all source 
components in a way that a maximum positive or negative flux 
density deviation is reached. Models with significantly different 
component fluxes, sizes, and cut-off frequencies fail to match 
the observed fluxes by more than 30%. A more detailed descrip- 
tion of the modeling procedure is given in Eckart et al. (2009). 
Models A/oH, and B/oh, give the source component for a single 
and multiple spot (multiples of the dominant spot described by 
model Qspot) quiescent state model. 

There are two approaches to model the NIR/X-ray spectra: 
1) The observed peak MIR/NIR flux densities can be accounted 
for either by the high frequency end and of the synchrotron 
spectrum (models Aa-y, in Tables |4] and |5]l or 2) by the low 
frequency end of the inverse self-Compton scattered spec- 
trum (models Ba-y). Here the upper cutoff frequency of the 
scatter spectrum y^v„,ax,obs has a special importance. With 
Vma.x.ohs ~ 2.2 THz and 71 ~ 6 we find that this cutoff lies in 
the few micrometer MIR/NIR domain. With 71 ~ 1300 it lies 
at about IkeV just below the lower energy cutoff of the X-ray 
Chandra and XMM observatories. In general the models Aa 
to Ay are constrained by the synchrotron spectral index Osynch 
defined by the THz and NIR/MIR flux densities. Models Ba-y 
are constrained by the SSC spectral index (that equals asy„ch) 
defined by the NIR/MIR, the X-ray flux densities and spectral 
index. Therefore asy„ch cannot be steeper than about unity in 
these SSC models. 

Possible peculiarities in the relativistic electron spectrum: 
A modification in the upper cutoff of the relativistic electron 
spectrum (e.g. Lorentz factor yi) may also have a strong 
influence on the X-ray output of the emitting source component. 
An increase in 72 may reflect a more efficient acceleration 
mechanism. Synchrotron losses will lead to a decrease in 72 
or to the involvement of a cooling break. The width of the 
relativistic electron distribution for flare models Aa to Ay is 
narrower than that of models Ba to By or even models which 
explain additionally the low frequency radio part of the SgrA* 
SED (Yuan et al. 2003, Quataert 2002, Mahadevan & Quataert 
1997). Kardashev (1962) points out that the higher frequency 
synchrotron cooling break does not become displaced towards 
lower frequencies with time if the energy distribution of the 
injected relativistic electron spectrum has a very small width. 
A narrow relativistic electron spectrum may therefore support 
a less variable cooling break frequency during the main part of 
the flare. 

For models A the lower energy cutoff y\ lies above the 
typical values for ycooi at which efficient cooling through 
synchrotron radiation sets in. This suggests that the electron 
spectra responsible for the brightest SgrA* flares may have 
a different origin from those in the lower energy Boltzmann 
distribution which explain the radio spectrum. 

The April 4, 2007, flare: The flare event of April 4, 2007 
(see Table [Hi, has also been simultaneously observed at the 
11.8yum and 3.8jum wavelength. Dodds-Eden et al. (2009) 
discuss several emission mechanisms. They rejected a pure 
inverse Compton model because of too high magnetic fields and 
a pure power-law model due to a mismatch of the MIR/NIR 
flux densities and spectral index information. They strongly 
disfavor their SSC model in which the flare component becomes 
optically thick in the NIR with an exceptionally high magnetic 
field strength (see the comment in Sect. 4.1.3 of Eckart et al. 
2009). Their favorite model for the flare consists of a power-law 
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Fig. 11. Two SSC models A (red) and B (black dashed) describing the 
April 4 2007, flare data (see Tabled Tables|4]and|5). 



spectrum in combination with a cooling break in the NIR/optical 
wavelength domain. They do not discuss the unavoidable self- 
Compton contribution to the emission that must originate from 
the bulk of the photons at the self-absorption turnover scattered 
by the relativistic electrons. The lower cut-ofF frequency of 
this power-law solution remains unspecified as well. Previous 
strong X-ray or NIR flare events have been shown to be linked 
to delayed radio flares (Eckart et al. 2006a, 2008b, 2009, 
Yusef-Zadeh et al. 2007, 2008, 2009, MaiTone et al. 2009). So 
the relation of the power-law flare solution to the mm/radio 
regime remains unclear 



The SSC model that we present here for the the April 4, 
2007, flare is not covered by Dodds-Eden et al. (2009). Here we 
cover it in more detail and take it as an example for the bright 
luminosity state of SgrA*. The results may be used to explain 
the properties of mm/sub-mm flux density variations that have 
been observed in several other cases (e.g. Eckart et al. 2008ab, 
2009, Yusef-Zadeh et al. 2008, Marrone et al. 2009). 

For the April 4, 2007 flare event our SSC model Ay agrees 
with the simultaneous 3.8;um flux density, the 3cr flux limit at 
11.8//m and also the spectral index in the X-ray domain cor- 
rected for hydrogen absorption. A spectral decomposition is 
given in Fig.[TT]and a comparison of the light curves with model 
Ay and ^ (see below) is displayed in Fig. [12] For the favored 
model A in Fig.[TT]the relevant cutoff frequencies are labeled and 
marked with a vertical thin solid line. For model B these frequen- 
cies are all close to 7x10'^ Hz. The model data are compared to 
the SED of SgrA* in its quiet state. The radio to sub-mm mea- 
surements (MarkofF et al. 2001; Zhao et al. 2003) are time aver- 
aged measurements, and the error bars include variable emission 
of up to 50%. As open black circles we show 30yL(m, lA.Sfim and 
8.6//m upper limits taken from Melia & Falcke (2001). The X- 
ray information is taken from Porquet et al. (2008). The short 
dashed line shows the quiescent model by Yuan et al. (2003). 

With a magnetic field of 10 G the optically thin synchrotron 
spectrum extends up to Vhreak-c (3.4yL(m)"' with a spectral index 
of Q'.sv„c/!= 1.05. Above this the spectrum steepens until the up- 
per synchrotron cutoff Vi„„^=c (0.85;um) For a spectral index 
of unity, i.e. p~3, and with the assumption of a fresh injection 
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Fig. 12. A combined SSC and adiabatic expansion model compared 
to the SgrA* flare event on April 4, 2007. The data are described in 
Porquet et al. (2003), Dodds-Eden et al. (2009), Yusef-Zadeh et al. 
(2009). The 240 GHz and 43 GHz response of the NIR/X-ray flare is 
plotted as a solid and dashed red line, respecitvely. The probably un- 
related 43 GHz response of the flare component ^ with the parameters 
listed in Table |4]is plotted as a solid magenta line. 
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of relativistic electroms the spectrum will steepen to a value of 
p/2~1.5. This value fully agrees with the spectral index between 
the infrared H- and Ks-band of o-z/j^ =1.4±0.2 which was used as 
an additional fitting criterion by Dodds-Eden et al. (2009). 

The model can be further validated by comparing the in- 
volved electron spectral number density with values inferred 
from other data or different models. The value of lAcmT^keV^^ 
of the electron spectral number density results in number densi- 
ties for the relativistic electrons of 2xl0'^cm"^. Part of the emit- 
ting particles may be due to electron/positron pairs. Integrating 
over the SSC source component volume of 0.2 Rq diameter 
we obtain 5x10"'^ Mq as a lower limit to the total mass of 
this source component within a compact jet base that feeds an 
extended overall jet or outflow with a low surface brightness 
(Falcke & Markoff^ 2000, 2001, Markoff^ 2005, Markoff^ et al. 
2007). If a structure of the size and density described above ex- 
pands at highly relativistic velocities, it can reach the flow den- 
sity of lO^cm"^ (Yuan et al. 2003). This can happen on an orbital 
time scale of a spot which is close to the last stable orbit and on 
less than one flare time scale (see Fig.fTOll. 

For the SSC model By explains the NIR flux densities 
shortward of about 4/im through the self-Compton scattered 
spectrum the electron spectral number density and source 
component mass. This mass is four orders of magnitudes higher 
than for model Ay. Reaching the flow density of lO^cm"^ in one 
flare time scale and matching the total estimated accretion rate 
onto SgrA* is possible as well. Still, the predicted ll.Syum flux 
density is well above the upper limit obtained for the April 4, 
2007 flare. Therefore models in which the Ks- and L-band flux 
densities are produced via the self-Compton scattered spectrum 
are not favored. 

Modeling the April 4, 2007 NIR/X-ray light curves: Dodds- 
Eden et al. (2009) report that the width of the X-ray flare is 
significantly smaller than the on of the corresponding overall 
L-band flare. This implies that the efficiency of producing 
X-ray emission was lower before and after the main part of the 
flare. In the framework of the evolving spot model presented 
in Eckart et al. (2008a) this may be explained by an evolution 
of the spot characteristics similar to the models presented by 
Hawley & Balbus (1991, 1998) and Yuan et al. (2008). The 
recent theoretical approach of hot spot evolution due to shearing 
is highlighted in Eckart et al. (2008a) and Zamaninasab et al. 
(2008, 2009; see also Pechacek et al., 2008). Yuan et al. (2008) 
explicitly solved the relativistic hydrodynamics and found initial 
expansion velocities of less than 0.01c close to the accretion 
disk followed by relativistic expansion towards the end of the 
flare. A compression of a single spot or merging of two spots 
due to differential rotation within a viscous disk may explain the 
different widths of the flares in the X-ray and L-band light curve. 
A variation of the source size 6 or the peak flux density 5 v of 
the scattered synchrotron component by only 20% to 30% will 
result in the required significant increase or decrease in the SSC 
scattering efficiency, i.e. the scattered SSC X-ray flux density 
S s s QX-ray'^Sm"^^^ O^^^'^^^^K Similarly other differences between 
the NIR and X-ray light curves may be due to different or even 
varying flux density contributions and scattering efficiencies 
from a source component responsible for an underlying main 
flare and components responsible for the sub-structures. 

Modeling the April 4, 2007 radio light curves: Yusef-Zadeh 
et al. (2009) report radio measurements that were carried 
out at 240 GHz (30m IRAM) during and at 43 GHz (VLA) 
following the April four NIR/X-ray flare. The 240 GHz data 



cover the entire NIR/X-ray flare event at a flux density level of 
about 1.2 Jy with no significant flux density variation. After a 
('transatlantic') gap in the data a strong increase and decrease of 
the 43 GHz flux density with a peak of about 0.4 Jy is detected. 
The entire 43 GHz flare has a full bottom width (at a level of 
about 1.1 Jy) of about 4 hours and peaks at 43 GHz about 6.5 
hours past the NIR/X-ray peak. 

Performing an adiabatic expansion calculation (van der 
Laan, 1966) based on models Ay and By using an expansion 
speed of 0.007c places the 43 GHz afterglow of the NIR/X-ray 
flare close to or even into the gap between the 100 GHz and 
43 GHz measurements. We use 0.007c as a typical value close 
to the expansion speeds found for other SgrA* flare events for 
which adiabatic expansion models have been applied (see e.g. 
Eckart et al. 2008b, 2009, Yusef-Zadeh et al. 2008). As an ex- 
ample of such a calculation we show in Fig.[TT]a combined SSC 
and adiabatic expansion model based on the data for Ay given in 
Table|4] Here we assume that the 240 GHz and 43 GHz flux den- 
sity level above which we have to consider the excess flare flux 
is at 1 .08 Jy - which is at the minimum flux density level given 
by the data for this event. The predicted 240 GHz and 43 GHz 
peak brightnesses lie well within the noise of the IRAM mea- 
surements and the following 43 GHz data. 

A lower expansion velocity like 0.002c gives the time de- 
lay needed to meet the bight 43 GHz flare peaking at about 
12:30 UT but still fails to reproduce its high radio flux. Since 
measurements around this time have not given any hint for a 
possible NIR or X-ray counterpart for this event, it can only be 
explained by a low frequency flare that originated from a syn- 
chrotron component with low turnover frequency and no signifi- 
cant predicted NIR or X-ray flux density (like component ^ given 
in TableHJi. We therefore regard component ^ as unrelated to the 
main NIR/X-ray flare which happened six hour earlier. 

The SSC models listed in Table|4]have small source compo- 
nent sizes to provide a sufficient inverse Compton scattering ef- 
ficiency to explain the large observed X-ray flux densities. This 
results in comparatively narrow light curves of the individual 
components and requires the observed broader flare profile to be 
modeled with six source components. This may explain the pres- 
ence of substructure in the NIR and X-ray light curves. We place 
the components 1 through 6 at 5:24, 5:37, 5:51, 6:00, 6:15, and 
6:2 1 UT with the flux ratios between them of 0.6: 1 : 1 :0.8:0.5:0.4. 
We also allowed components 1, 5, and 6 to be larger by ~ 20% 
compared to the central components. An increase in size or a de- 
crease in flux density lowers the scattering efficiency (see above) 
in a way that the weaker components 1, 5, and 6 do not con- 
tribute significantly to the X-ray flare. With a spectral index of 
1 .05 and the dependency in scattering efficiency given above this 
results in an X-ray flux density ratio between the components of 
0.01:1:1:0.3:0.003:0.001. This may explain the different widths 
of the flares in X-ray and L-band light curve and allows us to 
model the broader NIR flare profile. 

Model By in Table|4]is not well suited to explain the wings of 
the NIR light curve in comparison to the X-ray flare profile since 
the flux densities in both wavelength domains are described by 
the same SSC scattered spectrum. Involving steeper SSC spectra 
for the wings violates the 11.8/im flux density limit. Therefore 
the 4 April, 2007, flare event provides additional support for the 
assumption that - at least in this case - the NIR luminosity is due 
to optically thin synchrotron emission rather than SSC scattered 
flux. 
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4.4.4. SSC modeling of a weak X-ray flare 

In Tables |4] and |5] we also list modeling results for the so far 
weakest statistically significant X-ray flare that was modeled 
(Eckart et al. 2002). This flare was also the first that was de- 
tected simultaneously in both the NIR and X-ray domain. The 
SSC model Aiok which explains the NIR flux densities through 
the high frequency end of the associated synchrotron spectrum 
describes the flare successfully. 

SSC models (B in Tables g] and |5]l that explain the NIR 
fluxes through the inverse Compton scattered part of the spec- 
trum are strongly constrained by the NIR/X-ray spectral index 
determined by a synch ~ 1 -0. While they do not result in a satis- 
factory fit of the observed data for the very bright X-ray flares 
(see Sect. 14. 4.31 1. the situation for weak X-ray flares is different. 
Here ajy„c/i~l-3 and the corresponding electron spectral number 
density and source component masses are of the same order as 
for the SSC models Aa - y. Therefore both model approaches, 
A/o„ and B/o,,,, result in acceptable explanations for the NIR and 
X-ray fluxes and the spectral indices during weak flares. 

4.4.5. SSC modeling of the lowest states of SgrA* 

Eckart et al. (2006) have modeled the emission from SgrA* in its 
low flux density state. They find that the upper limits of the com- 
pact X-ray emission in the 'interim-quiescent' (IQ), low-level 
luminosity states of SgrA* are consistent with a SSC model that 
allows for substantial contributions from both the SSC and the 
synchrotron part of the modeled spectrum. In these models the 
X-ray emission of the point source is well below 20-30 nJy and 
contributes considerably less than half of the X-ray flux density 
during the weak flare event reported by Eckart et al. (2004). The 
flux densities at a wavelength of 2.2/vm are of the order of 1 to 
3 mJy (see Tableland Figs. [8] and ig. Eckart et al. (2006) list 
representative SSC models for the low flux state. For their mod- 
els IQ1-IQ3 the source component has a size on the order of 
0.2 to 2 Schwarzschild radii with an optically thin radio/sub-mm 
spectral index ranging from a~\.^ to 1.3, a value similar to the 
observed spectral index between the NIR and X-ray domain. 

In Tables |4] and |5] we give the detailed model data for a sin- 
gle spot in which the MIR/NIR flux densities are accounted for 
by the high frequency end of the synchrotron spectrum (A/„h.) 
or by the low frequency end of the inverse self-Compton scat- 
tered spectrum (B/o,,,). These models account for the quiescent 
source spectrum given by Yuan et al. (2003), as shown in Fig.[T3] 
For model B/o,,, the electron spectral number density value and 
total masses integrated over the SSC source component vol- 
ume are large for a quiescent state compared to the flaring state 
(~3xlO"cm"-' and 8x10"'^ M© ) and to the assumed accretion 
flow density of lO^cm"^. Therefore model A/o,,, is favored. 

As an alternative to a larger continuous disk component one 
may assume a continuous disk or a disk consisting of several 
spots with dominant source components that contribute only 
about 0.1 mJy (model Qspot) to the Ks-band flux density each 
and have electron spectral number densities on the order of 
-lO^cm"-' and total masses integrated over small SSC source 
component sizes of 0.1 Rj with a diameter of a few times 
10"" Mo . Here the magnetic field strengths are comparable to 
those of the larger flare components, and the densities are com- 
parable to the assumed accretion flow density of lO^cm"^. In 
Fig-El- as an example - 20 spots as described by model Qspoi in 
Tables |4] and |5] produce a significant part of the quiescent spec- 
trum of SgrA* in the Ks-band, as one would expect for a low 
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Fig. 13. A single spot SSC quiescent spectrum (black dashed) and a 
corresponding muhi-spot SSC quiescent spectrum. 



level quiescent state of SgrA*. The 20 spots we used in Fig.[T3] 
have different relativistic boosting factors as they would occur 
on an inclined circular orbit of a few Schwarzschild radii around 
the SgrA* SMBH (see Tables |4] and |5] and data in Eckart et 
al. 2004). In Fig. [T3]relevant cutoff frequencies are labeled and 
marked with a vertical thin solid line. The quiescent X-ray in- 
formation is taken from Baganoff et al. (2001, 2003). The short 
dashed line shows the quiescent model by Yuan et al. (2003). The 
double-dot-dashed line shows the contribution of the relativistic 
electrons to this quiescent model. 

Therefore both a larger continuous synchrotron emitting disk 
or a faint disk spotted with SSC components are attractive mod- 
els that may explain a possible low state of SgrA*. Any quiescent 
state flux density (e.g. measured in the NIR) would then be ex- 
pected to be variable and polarized. High angular resolution and 
sensitivity - as it will be provided by the future large telescopes 
(ELTs) - are required to measure the quiescent state flux density 
contribution with sufficient precision. 

4.5. Thin disk NIR luminosity 

As another way to explain the Ks-band flux density especially 
in an assumed quiescent state of SgrA*, we explore the possible 
presence of a small permanent disk that radiates as a black body. 
Eckart et al. (2006) show that at least for the flaring state of 
SgrA* a disk may exist. For an optically thick disk seen at an 
inclination angle / and radiating like a black body one finds a 
luminosity of 

Ly = 2.4 X lO-^^Rlcos(i)T^'\^'^(erg/s) (13) 

(Peterson 1997, see also Ishibashi & Courvoisier 2009, 
Kishimoto et al. 2008). At infrared wavelengths and shorter the 
spectrum is dominated by the emission of the inner disk radii. 
In the NIR Ks-band 1 mJy corresponds to 3 L©. For cos(i)~l, 
a Schwarzschild radius of /?5 = 10'^cm, and an observing fre- 
quency of 136.364 THz for a wavelength of 2.2yum we obtain 
Ly - 1.235 X lO^^T^^^{erg/s). So a minimum disk temperature 
of r = 2.6 X lO^K is required to obtain Ly = ILq. For higher 
temperatures one needs to introduce a surface filling factor of 
less than unity to explain the Ks-band emission in this model. 
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However, one requires a high number density to have an opti- 
cally thick disk. In addition the v'^^ dependency is in contra- 
diction with the steep infrared spectra that have also been ob- 
served during flares (Ghez et al. 2005ab, Eisenhauer et al. 2005, 
Gillessen et al. 2006, Hornstein et al. 2006, Krabbe et al. 2006). 
These facts make a geometrically thin and optically thick disk a 
very unlikely dominant contributer to explain a possible quies- 
cent Ks-band luminosity of SgrA*. 

5. Summary and conclusion 

We have discussed the variable infrared and X-ray emission of 
SgrA* in its extreme luminosity states. We reported on Ks-band 
imaging of the SMBH counter part of SgrA* in its low state 
and investigated the structure and brightness of the central S- 
star cluster that surrounds the SMBH at the position of SgrA*. 
We have used three independent methods to remove or strongly 
suppress the flux density contributions of stars in the central 2" 
diameter region around SgrA*. All methods revealed faint ex- 
tended emission around the SgrA* position. De-reddened with 
Ajf =2.8 the peak emission of the extended S-star cluster is about 
1.3 mJy within one resolution element, corresponding to a sur- 
face flux density of about 0.5 Jy (dereddened) per square arcsec- 
ond. For the dataset taken on 23 September 2004 no NIR coun- 
terpart of SgrA* was detected with a flux density limit of about 
2 mJy (dereddened). For 30 August 2004 we find a NIR coun- 
terpart of SgrA* with a dereddened flux density of about 4 mJy. 
We find that the luminosity during the low state can most likely 
be accounted for by synchrotron emission from a continuous or 
spotted accretion disk. In this case we expect the possible quies- 
cent source associated with SgrA* to be significantly polarized. 

Steep spectral indices observed in the NIR wavelength do- 
main may reflect the presence of typical cutoff frequencies. In 
addition to the cooling break Vhreak as discussed in Sect. 14.4.11 
there may be a cutoff in the relativistic electron spectrum at work 
(e.g. Eckart et al. 2006a, Liu et al. 2006). This will result in a 
modulation of the intrinsically flat spectra with an exponential 
cutoff proportional to exp[-{Ao/A)'^-^] (see e.g. Bregman 1985, 
and Bogdan & Schlickeiser 1985) and a cutoff wavelength Aq in 
the infrared. If Aq lies in the 4-8;um wavelength range (Eckart et 
al. 2006a), the variation in the spectral index is on the order of 
AQr~1.0. In a number of extragalacticjets these cutoffs have been 
observed to be relevant in the NIR wavelength domain (3C 293: 
Floyd et al. 2006, M87: Perlman et al. 2001; Perlman & Wilson 
2005; 3C 273: Jester et al. 2001, 2005). In these sources the cut- 
off frequency at which synchrotron losses become dominant is 
V;e/,fereai:=4x IO'-'Hz (or 7.5yum Wavelength), which is remarkably 
similar to what may be required in the case of the Galactic center 
(Eckart et al. 2006a). For SgrA* such a cutoff can quite naturally 
explain the steep NIR spectral indices reported by (Eisenhauer 
et al. 2005, Gillessen et al. 2006, Krabbe et al. 2006) despite the 
low upper flux density limits in the MIR. 

For the three brightest X-ray flares the SSC emission from 
THz peaked source components can fully account for the ob- 
served flux density variations observed in the NIR and X-ray 
domain. Here models in which the MIR/NIR flux density con- 
tributions are due to the high frequency tail of the associated 
synchrotron spectrum are favored (models A in Tables|4]and|5]l. 
Combined with the source component size of 0.2-0.3 Rq and rel- 
ativistic expansion within or towards the end of the flare, the 
spectral energy densities of relativistic electrons are compatible 
with the electron number density derived for the accretion flow 
at 10 R, distance and the estimated upper limits of the mass ac- 
cretion rate onto SgrA*. For the weak X-ray flare first discussed 



by Eckart et al. (2004) these boundary conditions are fulfilled 
for both model approaches (A and B). For model A/om, we ex- 
pect significant polarization of the NIR flux density, whereas for 
model Blow the scattering process should lead to a significantly 
lower degree of polarization. 

For the 4 April 2007 flare our favored model Ay of the peak 
fluxes meets the 1 1.8;um 3cr limit and is only by Icr off the ex- 
pected flux density at 3.8;um wavelength. In the X-ray domain 
it matches the mean flux exactly and the spectral slope by 0.8cr. 
Giving these four quantities the same weight we obtain a reduced 
xl^j value of ;i'^^^=10.7/d.o.f=3.7. The X-ray data cover a com- 
paratively large and rather densely sampled spectral range. We 
geXX^ed-^ if the X-ray information is weighted higher by a factor 
of two or more (see Porquet et al. 2008, Dodds-Eden et al. 2009). 
A -based comparison of different single component emission 
models over a large wavelength range (radio or infrared till X- 
ray) is, however, only of limited value. More adequate physical 
models of the compact emission from SgrA* contain on some 
level contributions from several source components, like the hot- 
spot/disk (Eckart et al. 2006b, Broderick & Loeb 2006) or multi- 
spot models (Eckart et al. 2008a , see also Pechacek et al., 2008), 
the spiral arm models (Karas et al. 2007, Falanga et al. 2007), the 
more elaborate evolving hot-spot model by (Yuan et al. 2008), or 
the jet/jet-base models (Falcke & Markoff^2000, 2001, Markoff^ 
2005, Markoff et al. 2007). This implies that in addition to a pos- 
sible dominant emission component, secondary source or spec- 
tral components will contribute to the flux and spectral index 
information in the different wavelength bands across the elec- 
tromagnetic spectrum. This complicates the comparison of dif- 
ferent models. Distinguishing between emission mechanisms re- 
quires more work on detailed flare modeling, using time depen- 
dent dense flux density sampling across a broad frequency band, 
preferentially including polarization and spatial information. 

Here we presented a new SSC model for the flare event on 
April 4, 2007 that accounts for the available simultaneous peak 
flux density and spectral index information. Variations in the 
SSC scattering explain that the flare profile in the X-ray do- 
main is narrower than that at NIR wavelengths. This suggests 
at least for this flare event that models in which the NIR flares 
are due to optically thin synchrotron radiation rather than in- 
verse Compton scattered light are preferred. In general models 
in which the MIR/NIR flux densities are explained through the 
low frequency tail of the inverse Compton scattered spectrum are 
disfavored. They result in higher masses for the emitting sources. 

We conclude that both weak and bright flares from SgrA* 
can be explained by the synchrotron self-Compton mechanism. 
This emission mechanism may explain the flare activity over up 
to two orders in magnitude in the NIR or X-ray flux density and 
over six orders of magnitude in frequency. No other dominant 
emission mechanisms are required. Densities of relativistic elec- 
trons of a few times 10^ cm"3 (comparable to what is derived 
from X-ray data on a 1000 Schwarzschild radii scale) are also 
required close to the SgrA* black hole to explain the flare emis- 
sion. 

The variable synchrotron emission may be limited at short 
wavelengths by a NIR cutoff (cooling break) due to synchrotron 
losses. The self-Compton scattered spectrum may be limited at 
the longest wavelengths by the low energy cutoff in the rela- 
tivistic electron distribution. If future sub-mm and X-ray ober- 
vations allow for a simultaneous detection of the THz turnover 
frequency (v„,) and a low energy cutoff of the SSC spectrum 
iysscupper), information on the low energy cutoff in the relativis- 
tic electron distribution can be obtained via y\^~vssc,uppery^ ■ In 
a few years further polarimetric NIR observations at high angu- 
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lar resolution and sensitivity will help to distinguish between the 
importance of the different emission mechanisms in the low state 
of SgrA* . Interf erometric observations in the near-infrared using 
GRAVITY at the VLTl (Eisenhauer et al. 2008, Straubmeier et 
al. 2008, Zamaninasab et al. 2009) and in the mm-wavelength 
domain (e.g. Fish et al. 2009, Doeleman et al. 2009) will be im- 
portant to understand the emission from SgrA*. 
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